Abstract-The availability of genetically altered animal models of human disease for basic research has generated great interest in new imaging methodologies. Digital subtraction angiography (DSA) offers an appealing approach to functional imaging in small animals because of the high spatial and temporal resolution, and the ability to visualize and measure blood flow. The micro-injector described here meets crucial performance parameters to ensure optimal vessel enhancement without significantly increasing the total blood volume or producing overlap of enhanced structures. The micro-injector can inject small, reproducible volumes of contrast agent at high flow rates with computer-controlled timing synchronized to cardiopulmonary activity. Iterative bench-top and live animal experiments with both rat and mouse have been conducted to evaluate the performance of this computer-controlled micro-injector, a first demonstration of a new device designed explicitly for the unique requirements of DSA in small animals. Injection protocols were optimized and screened for potential physiological impact. For the optimized protocols, we found that changes in the time-density curves for representative regions of interest in the thorax were due primarily to physiological changes, independent of micro-injector parameters.
I. INTRODUCTION
T HE increasing use of small animals in basic research has generated great interest in new approaches to small animal imaging-particularly magnetic resonance microscopy, microPET, microSPECT, optical imaging, and microCT. Functional imaging in small animals can be addressed particularly well using X-ray digital subtraction angiography (DSA), given the ease of use and its ability to capture rapid physiological changes in blood flow [1] . Extensive work ranging from initial studies first suggested by Mistretta et al. in the 1970s to evaluating the efficacy of subtraction angiography in clinical diagnosis has been done in canines, porcines, and humans [2] - [12] . Scaling DSA to the higher temporal and spatial resolutions encountered in the rodent requires unique approaches for an optimal small animal DSA imaging system. A 100-kg human is approximately 4000 times larger than a 25-g mouse. Thus, one must scale the spatial resolution accordingly from millimeters to micrometers. In addition, the mouse heart beats at 600 beats per minute (bpm), nearly ten times more rapid than the human heart. The drive for higher spatial and temporal resolution to capture rapid physiologic changes has led to the development of the micro power contrast injector described in this paper. Prior work in mice and rats [2] , [13] - [21] has not fully optimized the methods for small animals. For example, previous images were acquired asynchronous with cardiac or ventilatory cycles, resulting in limited precision in measuring physiologic changes and significant subtraction artifacts. Contrast injections were given manually at low or varying flow rates. These deficiencies in prior work made quantitative measurements of blood flow unreliable. In addition, some studies used significant contrast injection volumes-up to 50% of the total blood volume, which would alter the physiology unfavorably.
This study explores a computer-controlled power injector that allows quantitative blood flow measurements through functional DSA imaging of mice and rats with minimal physiological impact. A number of injection parameters are crucial to produce a quality subtraction angiogram. These include a tight (temporal) bolus with a small volume and high flow rate combined with appropriate catheter placement [3] , [9] , [10] , [22] . Large contrast volumes with slow flow at peripheral catheter locations result in spread and dilution of the contrast bolus. The bolus dilution contributes to increase in blood volume from contrast because one must inject more contrast agent to achieve adequate enhancement. This can lead to retrograde flow and the inability to separate left/right heart and lung [2] , [4] , [5] , [15] , [17] . The computer-controlled system described here can inject small volumes of contrast agent at high flow rates with high reproducibility at very precise times in the physiological cycles. Injection volumes and flow rates were optimized to produce DSA images capable of distinguishing flow in overlapping vessels. Pulmonary flow could be measured with contrast volumes as low as 1% of the total blood volume in the mouse and at less than 1% of the volume in the rat. This opens the possibility of novel DSA methods to quantify real-time changes in blood flow. The injector has already been applied to a number of X-ray and MRI studies for vasculature imaging, perfusion, and flow measurements [23] - [27] . shows a schematic overview of the X-ray system. A LabVIEW-based system integration allowed for reproducible event-driven imaging sequences that linked image acquisition, contrast injection, and physiologic control and monitoring.
II. MATERIALS AND METHODS
The system ( Fig. 1-i ) is designed to inject precisely controlled amounts of contrast (Isovue 370, 370 mg iodine/ml, Bracco Diagnostics, Princeton, NJ) at high rate and at specific points in the breathing and cardiac cycles. Timing is controlled through LabVIEW software (National Instruments, Austin, TX) ( Fig. 1-ii) that allows reproducible event-driven sequences that link image acquisition, contrast injection, and physiologic control and monitoring. When a trigger is received [ Fig. 1-i(a) ], a pressurized N supply (b) pushes contrast through a zero dead volume direct lift solenoid valve (d) (Cole Parmer, Vernon Hills, IL). The trigger is provided by the LabVIEW software and a TTL-generating PCI-6602 counter/timer board (National Instruments, Austin, TX). This specific solenoid was chosen because it had five important characteristics: 1) it is able to withstand high pressures (up to 100 PSI); 2) it is easy to clean; 3) it supports high flow rates; 4) it holds no contrast volume in the valve chamber, which eliminates dead volume; and 5) it has a rapid (milliseconds) response time. These solenoid characteristics allow repeatable delivery of small injection volumes at high flow rates. A custom-tapered catheter was constructed for the mouse. A commercial catheter was used for the rat. Isovue 370 has a viscosity 20.9-times that of water [28] making injections at high flow rates in rodent-sized catheters a challenge. To address this challenge, catheters were chosen for maximum lumen size, while still being small enough for cannulization [29] . We developed tapered catheters to support the required higher flow rates. Catheter lengths were shortened as much as possible to reduce flow resistance, while still allowing adequate mobility for the surgical cannulization procedure. For the mouse studies, the custom-catheter (Fig. 2) was made from polyethylene (PE) tubing of various interconnecting sizes 90, 50, 10) . In the rat studies, a shortened (13.5 cm from catheter tip to the end of the stub adapter) polyurethane catheter was used (PU-50 Chronic-Cath, CC-3P, Access Technologies, Skokie, IL).
The contrast resides in a heated reservoir [ Fig. 1-i(c) ] between the solenoid and N supply. The temperature is maintained at 37 to reduce the viscosity of Isovue 370 [28] from 20.9 to 9.4 mPa s. The heating also alleviates temperature shock when injecting into the small animal. All the parts of the micro-injector have quick-disconnect fittings to allow quick cleaning and maintenance. The combination of the specific components allowed us to design and implement a micro-contrast power injector that could deliver small bolus injection volumes at high flow rates with computer controlled timing.
Bench-top and live animal X-ray imaging experiments were conducted to measure the injection volumes under various scenarios, the reproducibility of the injections, the smallest amount of contrast agent detectable by our system, and the physiologically-mediated effects of contrast injection. We found optimum injection volumes and flow rates that allowed us to see nonoverlapping, contrast-enhanced blood flow for live animals.
A. Bench-Top Experiment
Tests were conducted to characterize the micro-injector injection volumes and flow rates with various combinations of catheter lengths and lumen sizes, driving pressures, and length of time the solenoid valve was opened. Injection volumes and flow rates were determined by a mass-difference analysis. For each combination, the mass of 50-60 micro-centrifuge tubes was measured before and after the addition of injected contrast. The mass difference was divided by the contrast density (1.41 g
), resulting in the volume of injected contrast. The flow rate was computed by dividing the newly found injection volume with the duration of the solenoid activation window, mathematically expressed as l (1) l ms (2) Linear regression was applied to injection volume and flow curves in respect to varying solenoid active window at a con-stant 80 PSI driving pressure and varying driving pressure at a constant 50-ms solenoid active window. Coefficient of determination ( ) values were then found for the linear fits.
B. Live Animal Experiment
The radiographic system ( Fig. 1 -ii) constructed for this work included an 80-kW generator (Phillips CXP) with a 0.3/1.0-mm focal spot W anode tube. Images were acquired with X-ray techniques optimized for small animal DSA [23] . Typical exposure parameters were 70 kVp, 200 mA, and 10 ms. The tube was mounted on a C arm constructed from extruded aluminum. A flexible carbon fiber table designed for rodents floated above a 95 mm 95 mm cooled CCD detector (ImageStar, Photonic Science, East Sussex, England) with a 46 m 46 m pitch and a 15 mg cm ( m thick) Gd O S scintillator. The system was controlled by two computers running custom-written control software (LabVIEW) that were linked together to support synchronization of image acquisition with physiologic control [30] . Exposures, ventilation, injection, and image capture can be triggered individually with this software to allow a variety of sequences synchronized with physiological parameters [24] . For this study, images were acquired at every heartbeat with end-expiration apnea, with one contrast injection for each sequence. For the rat studies, pixels were binned at 2 2 producing an effective resolution of 92 m 92 m. No binning was used for the mouse images resulting in an effective resolution of 46 m. Images were logarithmically subtracted [31] .
Experiments were conducted on the live animal to find the appropriate injection volumes and to characterize the performance of the micro-injector. Regions of interest (ROIs) included the pulmonary artery, lung parenchyma, left ventricle, and aorta. The heart, coronary arteries, and kidney vasculature were also imaged to show other uses of the injector.
A series of injection volumes, ranging from 50 to 1000 l, was performed on the rat to define the linear range of enhancement of the blood vessels. Performance of the system was evaluated according to the following characteristics: limited increase in total blood volume ( ), nonenhancement of overlapping structures; no enhancement due to second pass of contrast; a contrast-to-noise-ratio (Rose criterion) [32] . The CNR was measured by CNR (
where was the DSA signal in an enhanced blood vessel, was the signal of the background, and was the standard deviation in a region of the image in which there is no structured background. This standard deviation is in part due to the Poisson statistical nature of X-ray production. The aorta was chosen for CNR measurements because in an anterior-posterior projection, this vessel does not overlap any other vessels.
Once an injection volume that produced good enhancement of the blood vessels was found, we studied variability in physiology arising from the injection parameters. Six DSA runs were performed with injection volumes increasing from 50 to 150 l and then back down to 50 l in 50-l gradations. The contrast injection was performed at the QRS of the cardiac cycle, and images were acquired at every QRS at end-expiration apnea. To measure the repeatability and any variability in imaging physiology arising from the injection parameters, a nonparametric deconvolution technique using singular value decomposition (SVD) was used to find relative pulmonary blood volumes (PBV), pulmonary blood flows (PBF), and mean transit times (MTT) of the left pulmonary artery, right lung parenchyma, left ventricle, and aorta. The SVD technique used was based on work done by Ostergaard et al. [33] . The pulmonary artery root was used as the arterial input function. Coefficient of variations (4) were calculated for PBV, PBF, and MTT from the six injections for each ROI. The coefficient of variation ( ) was measured as (4) where is the standard deviation and is the mean. In addition, p-values (one-way ANOVA) were determined by comparing the MTT between the various injection volumes within the same ROIs.
Additional imaging studies were performed to demonstrate synchronization across the phases of the cardiac cycle. In the first study, imaging was performed at different intervals (systole, diastole, and diastasis) with contrast injections at the same point (QRS) in the cardiac cycle. In the second study, instead of injecting during a fixed time point in the cardiac cycle, contrast injections were first made at the QRS, and then 30%, 50%, 60%, and 75% of the -interval after the QRS with imaging at a fixed time point, the QRS. The anatomic target was the coronary arteries. Finally, DSA images of the mouse kidney were acquired to demonstrate the utility of the micro-injector in the smaller (25 g) model. The target organ was the kidney with injection via the iliac artery.
All animal studies were conducted with approval of the Duke Institutional Animal Care and Use Committee. Right jugular catheters tapered 2F at tip for mice (Fig. 2) and 3F for rats were placed in female mice (25-30 g, C57BL/6) and rats (160-190 g, Fischer 344) for cardiopulmonary studies. 3F catheters were placed in the carotid artery at the level of the aortic arch for rat coronary vessel imaging. The kidney vasculature in the mouse was visualized using the tapered catheter inserted through the left iliac artery so that the tip was at the level just distal to the left renal artery. Animals were anesthetized with Nembutal (50 mg/kg, IP, Abbott Laboratories, North Chicago, IL) and butorphanol (2 mg/kg IP, Fort Dodge Animal Health, Fort Dodge, IA), perorally intubated, and mechanically ventilated at 60 (rat) and 90 (mouse) breaths per minute with a tidal volume of 0.3-0.4 ml for mice and 1.5-1.7 ml for rats. Anesthesia was maintained with Isoflurane (1-3%, Halocarbon Products Corporation, River Edge, NJ). Body temperature was measured with a rectal thermocouple and was maintained at constant levels ( C) with a heat lamp controlled via feedback from the thermocouple. Solid-state transducers on the breathing valve measured airway pressure and flow [34] , [35] . Pediatric electrodes were taped on the footpads for ECG. All physiologic signals were continuously collected (Coulbourn Instruments, Allentown, PA) and displayed on a computer using custom LabVIEW software for the duration of the experiment. These signals were also used to control the cardio-ventilatory gating described earlier. At the conclusion of the studies, the animals were euthanized with an overdose of anesthesia.
III. RESULTS

A. Bench-Top Experiment
The characteristics of the micro-injector found in the bench-top experiments are shown in Table I Fig. 5 shows enhancement of the pulmonary circulation in the rat, especially in the parenchyma, with increasing volumes of contrast. Note that injection volumes larger than 150 l created overlap of enhanced vessels that can inhibit accurate measures of circulation. As the injection duration becomes longer than a heart cycle, there is an increase in the duration of the bolus, which increases overlap of enhanced vessels.
B. Live Animal Experiment
The CNR between the aorta of the rat and the background as a function of time is shown for various injection volumes in Fig. 6 . As expected, the CNR increases with larger contrast volume. The rise and fall in the individual CNR curves is observed as the contrast enters and passes the region of interest in the aorta. Injection volumes l meet the Rose criterion for detection at their peak, i.e., a contrast-to-noise ratio [32] . Time-density curves of the left pulmonary artery, right lung parenchyma, left ventricle, and aorta seen in Fig. 7 show that the changes in vessel enhancement for injection volumes ranging from 50-150 l (Fig. 8) . Note the almost identical overlap of the time-density curves for the same pairs of injection volumes when systematically increasing the injection volume from 50 l to 150 l and then back down from 150 l to 50 l. The coefficient of variation measured from the SVD-derived PBV, PBF, and MTTs (Table II) showed little change with the three pairs of injection volumes. The greatest was with the majority being between 0.04%-8.2%. There was no statistically significant difference in the MTT between injection volumes as measured by one-way ANOVAs: p value (left pulmonary artery) and 0.816 (right lung parenchyma, left ventricle, and aorta). The peak gray intensity value enhancement of the time-density curve scaled linearly with increasing injection volumes.
The response time of the injector is a critical element of its performance. The -interval of a rat is ms and the readout for the camera is ms. While each radiographic exposure is ms, the camera readout might limit the temporal resolution to 100 ms. Yet the reproducibility of the injection allows us to make three different injections at the same point in the cardiac cycle with the 10-ms radiographic exposure adjusted to capture three time points separated by as little as 25 ms. Thus, row 1-a (Fig. 9) shows the right ventricle for injection 1 at the QRS (systole). Row 1-b shows the right ventricle 50 ms (diastole) after the QRS, for the second injection. And row 1-c shows the right ventricle 75 ms (diastasis) into the --interval for the third injection. The reproducibility of the injector and the biological sequence allow us to view the physiology at temporal resolution of 25 ms-even though the camera readout is 100 ms. Changes in contrast enhancement were seen in the left ventricle (dashed arrow) and aorta (solid arrow) when the time of injection (at the QRS) was kept constant and images were acquired at systole, diastole, and diastasis. Fig. 10 shows the impact of timing in one of the most critical imaging studies, i.e., demonstration of the coronary arteries. In this experiment, a 150-l injection was made at the QRS. Subtraction was performed on the next cardiac cycle at the QRS. . DSA time sequence images for the rat after contrast injection using 50, 100, 150, 200, and 1000 l injection volumes (columns a-e) at the same points in its physiologic cycles of 430, 100, and 1400 ms (rows 1-3) in the same animal show increasing opacification at all time points with larger injection volumes. There was more enhancement of the distal vessels and parenchyma with larger injection volumes. However, too large a volume created retrograde flow (solid arrow in e1) and significant overlapping of enhanced structures (dotted arrow in d-3, and also e-2 and e-3). In addition, there was significant increase in total blood volume.
These factors suggested injections volumes between 50-150 l (columns a-c). This also allowed the contrast to be injected within one heartbeat. The same experiment was repeated with delays between the QRS and injection ranging from 30%-75% of the -interval. The injection at the QRS occurs at systole during which the Fig. 7 . Minimum intensity projection of a typical rat DSA run that included 30 images with regions of interest used for the time-density curve measurements shown in Fig. 8 and singular value decomposition (SVD)-based calculation of pulmonary blood volume, blood flow, and mean transit time. The pulmonary artery root was used as the arterial input function for the SVD calculations. Fig. 7 . As expected, there was a shift in the curves as the contrast moves further along the vasculature. Note the repeatability and scalability of the injector with injection volumes starting from 50 l (i), increasing to 100 (ii), and then 150 l (iii), and then going from 150 l back down to 100, and finally 50 l.
aortic valves are open and allows visualization of the coronary arteries. During this period, the contrast can flow retrograde and then enter the coronary arteries upon normal flow. At all other times, the retrograde flow is not possible, so the left ventricle (LV) does not fill. Timing differences of the injection was 100 ms. This made the difference between seeing the coronaries (@ 0% delay) and seeing only the ascending aorta.
The mouse @ 25 grams is yet ten times smaller than the rat with a heart rate roughly three times that of a rat, which poses even greater challenges for the injector. Fig. 11 shows a DSA image @ 46 m resolution of the renal vessels of a live mouse acquired with a 150-ms (20 l) bolus injected at the QRS. Images were acquired at end systole on every heartbeat ( -interval of 136 ms). The catheter was placed in the iliac artery so that the tip was at the level just distal to the left renal artery. During the first heartbeat, the right renal artery fills some of the feeding vessels to the renal cortex. The second heartbeat demonstrates more complete filling of the right renal vasculature. The vasculature in the left kidney fills later due to the relative displacement (3.5 mm) of the left and right renal arteries.
IV. DISCUSSION
A number of considerations were taken in developing a power contrast injector for small animals that allowed low volume injections with high flow rates and computer-controlled injection synchronization with biological signals. Bench-top and live animal tests were performed to characterize the injection volume and reproducibility, amount of enhancement in blood vessels, and any injector-induced physiological effects.
A key factor in achieving the linear response is the design of the custom catheters. The catheters were designed for maximum flow rate, while still being small enough for cannulization. This was achieved by using the largest lumen possible for the vessel being cannulated followed by successively larger segments approaching the injector. The overall catheter lengths were as short as possible to reduce flow resistance, while still being long enough for surgical handling. At constant driving pressure, a linear increase in injection volumes occurs for both Fig. 10 . Coronary artery imaging (arrows) of the rat at the same time point in the cardiac cycle, at the QRS, with a 150 l contrast injection at the QRS, 30%, 50%, 60%, and 75% of the R-R interval after the QRS (left to right). catheters with increasing injection time (Fig. 3) . The flow rate at constant driving pressure is independent of the solenoid active window. Fig. 4 shows linear increases in injection volume and flow rate with increasing driving pressure at a constant injection time. Here, only the rat catheter was characterized because lowering the driving pressure for the mouse catheter decreases the injection volume to a point where the standard deviation is 25 of the injection volume. In the rat, injection volumes between 50-150 l produced significant enhancement of the pulmonary vasculature with injection volumes and durations that were physiologically reasonable and had limited enhancement overlap (Fig. 5) . Larger injection volumes created significant overlap of enhanced structured and increased total blood volume (dotted arrow in d-3, and also e-2, and e-3). However, Fig. 6 suggests injection volumes 100 l, where the CNR meets the Rose criterion. Therefore, a 100-150 l contrast injection is recommended for the rat. The total blood volume in a 200-g rat is 12 ml. Thus, this injection volume is 1.25 of the total blood volume [36] - [39] . For the mouse, we were able to visualize the renal vasculature with a 20-l injection. The blood volume of the mouse is 2 ml, so the injection volume is 1 of the total blood volume.
In the subsequent in vivo tests, we found that the changes in vessel enhancement are due only to physiological effects, not injector-related parameters. Larger injection volumes in the left pulmonary artery, right lung parenchyma, left ventricle, and aorta ( Fig. 7 ) created only amplitude shifts in the time-density plots; no shift was seen in the transit time (Fig. 8) . The flow metrics (relative measurements) derived from the SVD technique agree with this, as seen in the low coefficient of variation values (Table II) . There was no statistically significant difference (all p values ) in the MTT as measured by one-way ANOVAs. The MTT was independent of the injection volumes (50, 100, and 150 l).
The precision in timing of the injections has an advantage for imaging the vessels in the heart. The custom LabVIEW application allowed us to place the contrast injection at specific points in the cardiac and ventilatory cycles, which is critical in imaging rapid physiologic changes such as the one seen in Figs. 9 and 10 . Fig. 9 shows we are able to repeatedly inject while adjusting the X-ray exposure to delineate functional flow changes with 25-ms temporal resolution. Fig. 10 shows that the response time of the injector is sufficient to allow us to inject with such precision that we can fill the left ventricle during systole when the aortic valve is open and allows for visualization of the coronary arteries upon resuming normal blood flow, demonstrating what we believe to be the first coronary DSA images in a rat.
Placement of the catheter to enhance only the vessels of interest is critical in producing a quality subtraction angiogram, as seen in Fig. 11 . Contrast can easily flow into the iliolumbar artery (just distal to the left renal artery) because it has a larger diameter. This was especially true for the mouse imaging, where the distance between the left renal and iliolumbar arteries connect to the descending aorta at very close proximity (1.4 mm). Careful placement of the injection catheter allowed visualization of the renal arteries, cortex, and adrenal glands. This opens the door to renal blood flow imaging experiments.
To our knowledge, this study represents the first demonstration of a computer-controlled injector for vascular imaging in the small animal. The injector described supports response times, injection rates, and injection volumes appropriate for both rats and mice. For the mouse, the injection rate is limited to 0.2 l ms by the bore of the catheter. The larger catheter used in the rat allowed us to vary the injection rate linearly from 0.1 to 1.0 l ms by adjusting the driving pressure. Injection volumes of 100-150 l (0.83%-1.25% of the blood volume) provided reproducible opacification of the cardiopulmonary vasculature with minimal impact on the physiology. Injection volumes of 20 l (1% of the blood volume) allowed visualization of the renal vasculature of the mouse. Changes in the time-density curve shapes of selected regions of interest were due primarily to physiological changes, independent of micro-injector parameters.
V. CONCLUSION
The micro-injector is capable of delivering repeatable, small volumes of contrast agent at high flow rates. These are important characteristics to ensure minimal impact on altering the physiology and optimal blood vessel enhancement without significantly increasing the total blood volume or experiencing overlap of enhanced structures. The linear reproducibility of the injection volumes and flow rates, and the ability to inject at specific time points during the cardiac cycle opens doors to experiments not previously possible. The utility of this system can be found in visualizing and quantifying real-time changes in blood flow in a variety of organ systems, e.g., cardiopulmonary and renal systems. The micro-injector is an important component in designing an optimal system for small animal digital subtraction angiography where the spatial and temporal resolutions require a unique approach. The DSA system described here can acquire projection images covering an entire rat or mouse with an effective time sample of 10 ms at frame rates (7-10 fps) far beyond any of the other modalities and 2-D projected spatial resolution m. What we know to be true in the clinical domain, i.e., that each of our modern imaging modalities has utility driven by the clinical problem, is also true at the level of the small animal. We believe small animal DSA will play a major role in functional vascular phenotyping.
